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The mean thermal energy and its distribution has been calculated for various peptides. The
table, figures, and analytical expressions provided in the paper can be used to determine the
mean thermal energy and its distribution in peptides in a very simple way, without having to
use complex mathematics. Accuracy is ; 66%. The same expressions can be used for most
organic compounds with an estimated accuracy of ; 610%. Data for W(CO)6, the “thermom-
eter molecule,” are also given. (J Am Soc Mass Spectrom 1999, 10, 323–328) © 1999
American Society for Mass Spectrometry
The internal energy (Eint) of an ion is one of themajor factors determining the appearance of themass spectrum [1–4]. If ions have high internal
energy, they will fragment to a large extent, producing
a wide variety of abundant fragment ions. If the internal
energy is low, the ions will not fragment, or will
produce only a few fragment ion types with low abun-
dance. The same amount of internal energy could be
“small” or “large” depending on the activation energy,
molecular size, and the time scale of fragmentation. The
internal energy content of ions derives from three
sources: the internal energy of the molecule before
ionization, the amount of energy deposited in the
ionization process, and, in some experiments, the en-
ergy deposited in secondary excitation. If the molecule
is in thermal equilibrium and in the electronically
ground state, its energy before ionization will be equal
to its thermal energy. In many cases the contribution of
thermal energy to the internal energy of an ion is much
lower than the energy transfer because of ionization or
excitation, but there are some cases when the thermal
energy is very important; as shown by low energy low
temperature mass spectra [5], and in the case of large
molecules (above 1000 Da, e.g., peptides [6–9]), where
the thermal energy may exceed energy deposition by
ionization even at room temperature in the case of soft
ionization, like electrospray [10–12]. Recently it was
shown that ions formed by electrospray ionization have
a Boltzmann type (i.e., temperature-like) internal en-
ergy distribution [13, 14]. Although fragmentation of
protonated peptides is usually examined using second-
ary excitation techniques to increase the internal en-
ergy, the initial (usually thermal) energy distribution is
likely to have a significant effect and is important to
take into account in many cases.
In spite of the importance of thermal energy in mass
spectrometry, few papers deal with it explicitly [6–9].
The mean thermal energy (Etherm) of a molecule (under
thermal conditions) is defined by the temperature and
vice versa. It is directly proportional to the size of the
molecule (the sum of oscillators and rotors, indicated by
s, also called the degrees of freedom). To simplify
discussions, rotations will subsequently be regarded as
low frequency vibrations and only the thermal energy
above the zero-point energy will be considered
throughout the present paper. Recently the mean ther-
mal energy of a molecule has been expressed by the
following equation [4]:
Etherm 5 c~T, v!skT (1)
where s is the number of oscillators, k the Boltzmann
constant, T the absolute temperature, and c(T, v) a
function strongly dependent on the temperature and
vibrational frequencies in the molecule and has a value
between 0 and 1. It was suggested [4], that the value of
c(T, v) is in the order of 0.2 (within a factor of 2 or 3)
between 300 and 500 K in many cases. The purpose of
the present paper is to give a good quantitative estimate
of the thermal energy and its distribution in peptides in
a form, which can easily be used in practical applica-
tions.
Computational Details
The mean thermal energy (Etherm) of a harmonic oscil-
lator is [15]
Etherm 5
hv
exp~hv/kT! 2 1
(2)
where h is Planck’s constant, v is the vibrational fre-
quency. The mean thermal energy of a molecule having
s different oscillators is
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Etherm 5 O
i51
s hvi
exp~hvi/kT! 2 1
(3)
The set of frequencies, vi, i 5 1, . . . , s, is termed the
“frequency model.” Rearranging eq 1 and substituting
the value of Etherm from eq 3, an analytical expression
for c(T, v) can be obtained:
c~T, v! 5
1
s O
i51
s hvi/kT
exp~hvi/kT! 2 1
(4)
Note, that eq 3 gives the exact mean thermal energy
of a molecule within the framework of the harmonic
oscillator model. Similarly, eq 4 is an exact expression.
The distribution of the thermal energy, P(Etherm), is also
important in many applications. This is calculated by
the equation [2]:
P~E! 5
r~E! exp~ 2 E/kT!
*0
` r~E! exp~ 2 E/kT!
(5)
where r(E) is a the density of states at energy E.
Calculation of r(E) was performed by the “RRKM
large” program written by Christie [8]. The program
treats internal rotations as low frequency vibrations and
calculates the number of states by direct state count,
using no approximations. Calculation of the density of
states requires the same frequency model, as used for
the determination of Etherm.
Frequency Models
For small molecules the frequency model can be deter-
mined from infrared and Raman spectra, calculated by
quantum chemical techniques, or estimated (usually
pretty accurately) using infrared group frequencies
(wave numbers). For large molecules they are typically
estimated based on infrared group frequencies or data
on model compounds. Fortunately, errors in the fre-
quency model usually translate to small differences in
Etherm. It was checked how much does the level of
theory in quantum chemical calculations affects the
calculated Etherm value in the case of three small organic
compounds (ethyl-cyanide, propyl-amine, methanol).
The frequency models were calculated both at the fairly
accurate B3LYP/6-31G(d) [16] (no scaling of frequen-
cies is necessary [17, 18]) and at a rather crude semiem-
pirical (AM1 [19], no scaling was used) level of theory.
It was found the average difference in the calculated
mean thermal energy (eq 3) using frequencies calcu-
lated by the two techniques is about 1%.
Peptide frequency models were either taken from
literature: Christie’s “1006 atom polypeptide” [8]; and
alanyl-glycine (AG) [7] or calculated by molecular mod-
eling and semiempirical calculations (leucine enkepha-
lin, and three arbitrary selected tripeptides): Gly–Gly–
Gly, Val–Lys–Cys, and Ser–Asn–Trp). An ensemble of
low-energy structures for each peptide was found by
molecular modeling calculations using the AMBER
force field provided in the InsightII/Discover suite of
programs (Biosym Technologies, San Diego, CA). The
proton was placed on the N-terminus of the peptide
except for Lys which was protonated on the side-chain
amine group. Starting geometries for peptides were
randomly selected. Dynamics were rut at 600 K for 10
ps using 1 fs intervals followed by simulated annealing
over the course of 2 ps to 200 K. The structure was then
energy minimized to 0 K and used as the starting
geometry in the next dynamics cycle. This process was
repeated 10 times for each of the peptides. The lowest
energy structure of each peptide found by molecular
modeling was used as the starting geometry for AM1
calculations. For Bradykinin the frequency model of
Leucine enkephalin was used scaled to the number of
degrees of freedom.
Vibrational frequencies of other molecules were cal-
culated by quantum chemical techniques: at the
B3LYP/6-31G(d) level using Gaussian 94 package [20]
(propyl-amine, methanol, ethyl-cyanide), by semiem-
pirical AM1 calculations with the MOPAC 6.0 package
(Frank J. Seiler Research Laboratory, US Air Force
Academy, Colorado Springs, CO) (buthylbenzene,
naphtalene, cyclohexane, and acetone) and some were
taken from the literature (benzene [21], pentane [22],
and butadiene [23]).
Results and Discussion
Calculation of Etherm by eq 3 for a given molecule is
rather complicated, partly because vibrational frequen-
cies have to be determined. The calculation reduces to a
multiplication using eq 1, provided c(T, v) is known. The
latter, however, is a multiparameter function of T and
vi, i 5 1, . . . , s. The distribution of normal frequencies
(the frequency models) for the same class of compounds,
like peptides, is quite similar (Figure 1). This suggests,
that the multiparameter c(T, v) functions determined
for different peptides will be similar, and could be
replaced by a much simpler cpeptide(T) function, which
only depends on temperature. c(T, v) functions have
been determined for six different peptides using eq 4
and the frequency models given in Figure 1. The results
in the temperature range of 0–2000 K are shown in
Figure 2a by dots, and the various c(T) values are,
indeed, very similar. Their average, cpeptide(T), is indi-
cated by the solid curve in Figure 2a. The average
standard deviation of the individual curves from this is
0.02 below 400 K, 0.01 or smaller above this tempera-
ture. The average relative standard deviation is 6% in
the 0–2000 K range, representing mainly a spread of
values over various peptides but to some degree also
different ways of determining frequency models. The
relative standard deviation is the largest at low temper-
ature (,200 K), when the thermal energy content of the
molecules is very low.
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Analysis of eqs 2 and 3 indicates that under 1000 K
(applicable to most mass spectrometric experiments)
low frequency vibrations (below ;800 cm21) contribute
most to the thermal energy of the molecule. These are
usually because of rotations, restricted rotations, tor-
sional motions, and vibrations between heavy atoms.
Vibrational frequencies are inversely proportional with
the square root of the mass (more precisely the reduced
mass) of the vibrating atoms, so those involving hydro-
gens have the highest frequencies. Compounds which
have no hydrogens at all will consequently have rela-
tively high thermal energy. One such compound,
W(CO)6, is of special interest in mass spectrometry,
used often as the “thermometer” molecule, estimating
internal energy deposition in surface induced decom-
position [24, 25]. The cWCO6(T) function has therefore
also been calculated (the broken line in Figure 2a), and
this curve is, indeed, much above cpeptide(T).
For a further aid in calculating the mean thermal
energy of molecules the c(T) function can be multiplied
by kT giving the amount of thermal energy per degree
of freedom:
Etherm/s 5 c~T!kT (6)
The Etherm/s curves were calculated using eq 3 are
shown in Figure 2b for peptides (dots, their average is
shown by the solid line), for W(CO)6 (broken line). The
average value related to peptides are also given in a
tabular form (Table 1) to aid future numerical calcula-
tions.
In thermal equilibrium the internal energy of mole-
cules has a Boltzmann distribution. This distribution
Figure 1. Frequency models for peptides: (a) triglycine, (b) J. R.
Christie’s 1006 atom polypeptide [8], (c) Ser–Asn–Trp, (d) leucine
enkephalin [8], (e) Val–Lys–Cys [6], and (f) alanyl glycine [7].
Figure 2. (a) c(T, v) curves determined using eq 4 for six
different peptides (dotted lines), and their average, cpeptide(T)
(solid curve). The dashed line shows the c(T) curve for W(CO)6.
(b) Etherm/s curves of peptides (dotted lines), their average (solid
curve) and that for W(CO)6 (dashes).
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has a high energy tail (especially at low temperatures
and/or in case of small molecules), significant in deter-
mining reactivity. The thermal energy distribution of
three protonated peptides of different size, triglycine
(molecular weight, MW 5 189 Da, s 5 66), Leucine
enkephalin (MW 5 556 Da, s 5 228) and Bradykinin
(MW 5 1060 Da, s 5 441) was determined using eq 5
at 1000 K and it is shown in Figure 3a (solid lines). The
P(Etherm) curve of the smallest peptide (triglycine) does
show a small high energy tail, but the P(Etherm) curves
of the larger molecules are very close to Gaussian
distributions. The width of the distribution (expressed
in energy units) increases with the size of the molecule,
approximately with the square root of the degrees of
freedom (s). When the thermal energy scale of the
distribution is divided by the size of the molecule,
P(Etherm/s), the distribution becomes narrower for the
larger compounds (Figure 3b). The change of internal
energy distribution with temperature is also of interest.
It is shown in Fig. 4 for leucine enkephalin at 500, 1000,
and 1500 K (solid lines). Internal energy distributions of
other peptides are analogous.
The changes in P(Etherm) with molecular size and
with temperature are because of the statistical nature of
these distributions. Energy distribution in a single de-
gree of freedom has a half-Gaussian shape, energy
distribution in three degrees of freedom gives the
classical Boltzmann distribution for the kinetic energy
of ideal gases. The larger the number of oscillators and
the larger the number of energy quanta on these oscil-
lators (higher temperature), the more the energy distri-
bution will resemble a “normal” (Gaussian) distribu-
tion; and the distribution will also become narrower in
relative terms, P(Etherm/s) are shown in Figure 3b.
To aid model studies on temperature effects in mass
spectrometry relatively simple analytical approximations
of the mean thermal energy and the thermal energy
distribution have been determined. The cpeptide(T)
curve (shown in Figure 2a) increases approximately
lineary with the temperature in the 0–1000 K range, and
can be approximated in the 0–2000 K temperature
range by the following quadratic function:
cpeptide~T! 5 5.61 3 10
24 ~1/K!T 2 1.24
3 1027 ~1/K!2 T2 (7)
where T is the temperature in K. The standard deviation
is SD 5 0.005. Note that this is only an empirical
correlation, not valid above 2000 K temperature.
Table 1. The mean thermal energy per degree of freedom
(above the zero-point vibrational energy) for peptides. The
values were determined accurately using eq 3, and represent the
average of six different peptides (see Computational part for
details). The mean standard deviation of the values is 6%
Temperature
(K)
Etherm/s
(eV)
Temperature
(K)
Etherm/s
(eV)
50 0.000 12 1200 0.050 88
100 0.000 48 1250 0.054 30
150 0.001 05 1300 0.057 76
200 0.001 84 1350 0.061 27
250 0.002 84 1400 0.064 82
300 0.004 04 1450 0.068 41
350 0.005 46 1500 0.072 03
400 0.007 08 1550 0.075 69
450 0.008 89 1600 0.079 38
500 0.010 88 1650 0.083 10
550 0.013 04 1700 0.086 84
600 0.015 34 1750 0.090 61
650 0.017 77 1800 0.094 41
700 0.020 33 1850 0.098 23
750 0.023 01 1900 0.102 07
800 0.025 78 1950 0.105 93
850 0.028 66 2000 0.109 81
900 0.031 62 2500 0.149 42
950 0.034 66 3000 0.190 08
1000 0.037 77 3500 0.231 39
1050 0.040 96 4000 0.273 12
1100 0.044 21 4500 0.315 14
1150 0.047 52 5000 0.357 36
Figure 3. The thermal energy distribution of three protonated
peptides, triglycine (MW 5 189 Da, s 5 66), leucine enkephalin
(MW 5 556 Da, s 5 228) and Bradykinin (MW 5 1060 Da, s 5
441) at 1000 K temperature. (a) The solid lines show the results of
exact calculations (eq 5), whereas the dotted lines are the thermal
energy distribution approximated by eqs. 1 and 7–9. (b) The exact
values shown in (a), but the energy scaled is divided by the size of
the molecule [P(Etherm/s)].
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If the temperature is not very low (not less than room
temperature) and the molecule is larger than a dipep-
tide, the internal energy distribution has no significant
high energy tail. In such cases the internal energy
distribution (calculated by eq 5) will resemble a Gauss-
ian curve (Figures 3a and 4) and can be well approxi-
mated by a Gaussian distribution:
P~E! 5
eV
WÎp/ 2 expF 2 2 ~E 2 Etherm!
2
W2 G (8)
where the centroid of the Gaussian is the mean thermal
energy in peptides (Etherm 5 cpeptide(T)skT, eqs 4 and
7). The width of the distribution, W, is determined by
regression analysis to be
W 5 1.80 3 1024 (eV/K)TÎs (9)
Equations 1, 7, 8, and 9 provide simple analytical
expressions for the determination of the internal energy
distribution of peptides. The accuracy using these equa-
tions is shown in Figures 3a and 4, where the approxi-
mate (dots, using eqs 7–9) and accurately determined
(solid lines, using eq 5) internal energy distributions are
compared.
Conclusions
The c(T) function, related to a single oscillator, is a
measure, how “active” is the oscillator. The concept of
active oscillators have been used since the early version
of the reaction rate theory to compensate for the math-
ematical errors in the approximation (the RRK formal-
ism using “nonquantized” oscillators [15]). The mean
thermal energy is kT in a “nonquantized” or active
oscillator, or when the oscillator energy (hv) is small
compared to kT. In such a case the value of c(T) is
unity. When the oscillator energy is high compared to
kT, most oscillators will be in the ground state, and the
mean thermal energy in the oscillator (above the zero-
point vibrational energy) will be very small [c(T) will
be close to zero]. In most cases the measure of thermal
energy (kT) and oscillator energy (hv) is comparable,
and the mean thermal energy of the oscillator will be
c(T)kT. In a molecule, c(T) is the measure, how active is
an “average” oscillator.
For peptides, probably the most important class of
molecules studied by mass spectrometry, cpeptide(T) has
been determined—this value gives a good quantitative
estimate of the thermal energy (divided by kT and s) for
an unknown peptide. Note, that throughout the paper
thermal energy above the zero-point vibrational energy
is discussed. The mean thermal energy of a peptide in
one degree of freedom (Etherm
peptide(T)/s) is shown in
Figure 2b and is tabulated in Table 1 to ease future
calculations; the accuracy of these values is ; 66%.
Most organic compounds have c(T) and Etherm(T)/s
functions similar to that of peptides. In this respect the
proportion of hydrogen atoms in the molecule and the
number of rotations are the most important parameters.
The cpeptide(T) function can be used for most organics to
give a quantitative estimate of the mean thermal en-
ergy. To estimate the accuracy of this approximation,
c(T) values were determined for 10, randomly selected
organic compounds (benzene, pentane, butadiene, pro-
pylamine, methanol, ethyl-cyanide, buthylbenzene,
naphtalene, cyclohexane, and acetone) and were com-
pared to cpeptide(T). The relative standard deviation of
the curves were largest below room temperature, in the
order of 50% in the 100–300 K range, when the internal
energy is very low. At room temperature the RSD error
is 12%. At higher temperatures c(T) values for various
molecule are similar, RSD error in the 300–2000 K range
is 8% on average. Standard deviation of the c(T) curves
is better than 0.05 at any temperature.
The distribution of thermal energy (over an assembly
of molecules) is given by eq 5. Although this equation is
deceptively simple, its use requires special computer
software. If the temperature is not very low and the
molecule studied is not very small (anything larger than
a dipeptide at least at room temperature) the distribu-
tion will closely resemble a Gaussian curve (Figures 3,
4). Equations 1 and 7–9 provide simple analytical ex-
pressions for the determination of the internal energy
and its distribution of peptides. These can be particu-
larly useful if the thermal energy (distribution) is to be
used as a variable in model calculations.
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